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Abstract In animal models, the secretion of the cardiac
hormone, brain natriuretic peptide (BNP), and its closely
related peptide, atrial natriuretic peptide (ANP), are stim-
ulated by acute hypoxia. There is extensive human evi-
dence for a rise in ANP under acute hypoxic conditions but
very little evidence regarding the BNP response to acute
hypoxia in humans. We therefore subjected seven healthy
subjects to an acute hypobaric hypoxic stimulus to examine
if BNP secretion increases rapidly. Significant hypoxaemia
(mean nadir oxygen saturation 62.3%) was induced but no
significant rise in BNP occurred. This suggests that either
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such acute hypoxaemia is well tolerated by the healthy
human heart or it is not a stimulus for BNP secretion.
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Introduction

In humans, atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP) constitute the dual natriuretic
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peptide system of the heart. BNP is structurally related to
ANP (they share a 17-amino acid internal ring) and both
hormones have a role in fluid homeostasis, oppose the
renin—angiotensin—aldosterone system and are secreted
from cardiomyocytes [1]. ANP is known to rise acutely
under hypoxic conditions in both animal and human
models. Isolated rat hearts increase ANP and BNP with an
acute (30 min) exposure to normobaric hypoxic [2].
Indeed, even just 10 min of normobaric hypoxia can induce
ANP release in both anaesthetized rats [3] and rat atrial and
ventricular tissue [4], with the steepest rise in ANP after
the first 10 min of exposure [4]. In humans, ANP has been
found to rise acutely after breathing a hypoxic gas mixture
(10% O5) for only 10 min [5]. Another human study found
no rise in ANP breathing hypoxic air (11% O,) at rest, but a
significant rise after brief (5 min) exercise [6]. Other
human studies have shown a rise in ANP after 30 min of
breathing a normobaric nitrogen/oxygen mixture to induce
SpO, of 75-80% [7]. Following 1 h of normobaric hypoxia
(12% O,) with SpO, reduced to 68 £ 1%, ANP levels have
also been found to rise by 50% [8]. The induction of more
moderate SpO, (90 £ 0.4%) with 30 min of normobaric
hypoxia (16% O,) and moderate exercise has still dem-
onstrated a rise in ANP [9]. Similarly, exhaustive exercise
during hypobaric hypoxia (equivalent to 4,300 m) causes a
rise in ANP [10].

Although BNP is primarily released secondary to car-
diomyocyte stretch [11], it is increasingly appreciated from
animal models that BNP secretion may also be stimulated
by hypoxia. proBNP is stored in cardiomyocytes and fol-
lowing release is cleaved into the active hormone BNP and
the inactive peptide NT-proBNP. Cultured adult rat
cardiomyocytes have demonstrated an increase in ventric-
ular BNP mRNA expression after the induction of hypoxia
[12] as have rats exposed to hypobaric hypoxia equivalent
to an altitude of 5,500 m [13] and mice exposed to nor-
mobaric hypoxia (10% O,) [14]. Even rats exposed to
hypobaric hypoxia equivalent to a moderate altitude of
around 2,250-2,550 m increase ventricular BNP mRNA
[15]. BNP also has a pulmonary vasorelaxant action in rats
[16] and BNP appears to have a modulatory role in atten-
uating the vasoconstriction of the pulmonary vasculature in
response to hypoxia [17]. In a different animal model,
utilizing anaesthetized pigs, the induction of acute myo-
cardial hypoxia also causes a 3.5-fold rise in ventricular
BNP mRNA and also plasma proBNP [18].

Data from human studies are also beginning to accu-
mulate in support of the animal work discussed above. A
very recent and elegant study has examined BNP expres-
sion under conditions of hypoxic ischaemia with and
without mechanical stress. In isolated muscle strips from
human atria, it was demonstrated that ischaemia per se is a
potent inducer of BNP expression independent of
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mechanical stress. This therefore demonstrates a mecha-
nism for BNP stimulation separate from cardiomyocyte
stretch [19]. Human ventricular myocytes cultured under
hypoxic conditions also increase the synthesis and secre-
tion of BNP [20].

In this context, we therefore aimed to clarify if BNP
rises in response to acute hypobaric hypoxia in healthy
humans either before or after a brief exercise stimulus.

Materials and methods

The study protocol was approved by the Ministry of
Defence Research Ethics Committee (MODREC), UK.
Seven healthy subjects from various military units gave
written informed consent. All subjects passed a medical
questionnaire and standard medical examination required
before entry into the Royal Air Force hypobaric chamber.
An indwelling venous catheter was inserted before subjects
entered the hypobaric chamber. Hypobaric exposure was
commenced following a 10-min equilibration period sitting
at rest breathing ambient (cabin) air. Barometric pressure
was then reduced at a rate equivalent to 1,219 m ascent per
minute up to an altitude equivalent to 5,334 m. Subjects
continued to breathe ambient air throughout the exposure.
After 25 min at this altitude, a 1-min exercise step-test was
performed (step height set to 25 cm, 1 complete step every
2 s). Blood samples were taken at rest before simulated
ascent and immediately pre- and post-exercise. Simulta-
neous recordings of oxygen saturation and heart rate were
performed using a Nellcor NP-20 pulse oximeter (Covi-
dian, MA, USA). After a total exposure of 40 min at
5,334 m, the chamber was recompressed to ground level at
1,219 m per minute with subjects breathing air enriched
with oxygen via a mask.

Assay measurements

Whole blood was used for BNP assays. BNP was analysed
using a Biosite Triage Meter and Triage BNP test kits
(Inverness Medical UK, Cheshire, UK). BNP assays were
performed within 4 h at sea-level after satisfactory quality
control checks. The BNP range reported by the test system
is 5-5,000 pg/ml. A BNP result of <100 pg/ml is repre-
sentative of a normal value. Coefficient of variation at a
mean BNP of 71.3 pg/ml is 8.8%.

Results

Subjects were 28 + 2.4 years old, weighed 70.3 £ 14.8 kg,
and were 172 £ 8 cm in height (mean + SD). Mean
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Oxygen saturations at ground level and pre- and
post-exercise at 5334 m

Sp02
3

0 T T
Ground level 5334m pre-exercise 5334m post-exercise

Fig. 1 Oxygen saturation (mean £ SEM) at ground level, at a
simulated altitude of 5,334 m and following brief exercise at 5,334 m

(£SEM) SpO, was 98.3 & 0.3, 68.1 £ 1.1 and 62.3 &+ 2 at
ground level, pre-exercise and post-exercise at 5,334 m,
respectively (Fig. 1). SpO, at ground level versus 5,334 m
pre- and post-exercise was highly significant (p < 0.001,
paired Student’s 7 test), while SpO, pre- and post exercise
was also significant (p = 0.007). Mean HR (£SEM) was
70 £3.3, 81.1 £2.7 and 134.1 4+5.8 at ground level, pre-
exercise and post-exercise at 5,334 m, respectively. HR at
ground level versus 5,334 m pre-and post-exercise was sig-
nificant (p = 0.013 and p < 0.001 respectively, paired Stu-
dent’s t test) as was HR pre-exercise versus HR post-exercise
(p < 0.001).

BNP remained <5 pg/ml in 6 of 7 subjects and showed
no significant rise in the 7th subject (BNP 18.1 pg/ml
pre-exercise, 18.9 post-exercise).

Discussion

We have demonstrated that BNP does not rise during an
acute hypobaric hypoxic exposure that included an exercise
stimulus and induced significant hypoxia and tachycardia
in all subjects. The lack of an effect on BNP is in marked
contrast to the effect of acute hypoxia on the related car-
diac natriuretic peptide ANP in both animal and human
models. This implies that a healthy human heart can
withstand marked acute hypoxia without the need to
release pre-stored BNP from the heart, and as such is a
significant negative finding.

Other human studies regarding BNP in the context of
hypoxia have usually involved co-morbidity. In cyanotic
congenital heart disease patients, despite preserved ven-
tricular function and reduced total body water, proBNP is
markedly elevated [21], suggesting hypoxia is a direct
stimulus for BNP secretion. In heart failure patients with
sleep apnoea, the burden of hypoxemia (the time spent with
oxygen saturation <90%) predicts BNP concentrations. For
each 10% increase in duration of hypoxemia, BNP is
increased by almost 10% [22]. Another recent study has

also confirmed that in patients with sleep apnoea (but
without heart failure) the duration of nocturnal oxygen
desaturation correlates with pro-BNP levels [23].

Two other studies have utilized an acute hypoxic
exposure to examine the effect on BNP: a very brief
(1-3 min) exposure to hypobaric hypoxic (equivalent to
9,144 m) had no effect on BNP [24]; and a 60-min nor-
mobaric hypoxic exposure inducing SpO, of 82 £ 1%
caused a very slight rise in NT-proBNP from
22 £+ 1.5 pmol/l to 2.4 + 1.5 pmol/l [25]. This latter
study involved a highly selected group of subjects with
either high or low renin—angiotensin system activity.

There have also been two recent studies examining the
BNP response to a more chronic hypoxic exposure: no rise
in NT-proBNP occurred in healthy subjects at 5,200 m
following an acclimatization period at 3,650 m [26]; and
no rise in BNP occurred with gradual ascent to an altitude
of 5,050 m (SpO, 84.5 & 1.3%) [27]. The rise that occurs
in ANP with acute hypoxia is not seen following accli-
matization at HA [10] and this may explain these negative
findings.

Our exercise stimulus was intentionally brief. Given that
BNP is known to rise with prolonged exercise under
normoxic conditions [28] and given the effect of acute
hypoxia on ANP and considering that BNP is stored in
secretory granules of atrial and ventricular myocytes [29],
we wanted to assess whether, specifically, an acute hypoxic
stimulus could produce a detectable rise in BNP. Our study
is the only one to induce such a low SpO, (62.3 £ 2%) and
to include an exercise stimulus, albeit brief, in an unse-
lected population. We have demonstrated that BNP does
not rise acutely despite this significant hypoxaemia, sug-
gesting that in normal healthy humans either such acute
hypoxaemia is well tolerated by the heart or is not a
stimulus for BNP secretion. This is in contrast to previous
findings regarding the closely related cardiac natriuretic
peptide ANP. It remains possible that a more prolonged
period of hypobaric hypoxia with physical exercise may
stimulate a rise in BNP secondary to changes in gene
transcription.
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